

  coatings-13-00382




coatings-13-00382







Coatings 2023, 13(2), 382; doi:10.3390/coatings13020382




Communication



Facile Synthesis of Polyacrylic Acid/Graphene Oxide Composite Hydrogel Electrolyte for High-Performance Flexible Supercapacitors



Yue Xin, Zhaoxin Yu, Razium Ali Soomro[image: Orcid] and Ning Sun *





Beijing Key Laboratory of Electrochemical Process and Technology for Materials, College of Materials Science & Engineering, Beijing University of Chemical Technology, Beijing 100029, China









*



Correspondence: ningsun@mail.buct.edu.cn







Academic Editor: Mihai Anastasescu



Received: 10 January 2023 / Revised: 27 January 2023 / Accepted: 1 February 2023 / Published: 7 February 2023



Abstract

:

The development of hydrogel electrolytes plays a critical role in high-performance flexible supercapacitor devices. Herein, a composite hydrogel electrolyte of polyacrylic acid (PAA) and graphene oxide (GO) has been successfully prepared, where the oxygen-containing functional groups of GO may crosslink and form hydrogen bonds with carboxyl on the molecular chain of PAA, thereby significantly enhancing the mechanical properties of a PAA-based gel electrolyte. The tensile strength increases from 4.0 MPa for pristine PAA gel to 6.1 MPa for PAA/GO composite gel, with the elongation at break rising from 1556% to 1950%. Meanwhile, GO promotes the transportation of electrolyte ions, which are favorable for enhancing the ionic conductivity of the PAA hydrogel. As a result, the assembled supercapacitor based on PAA/GO composite hydrogel electrolyte shows enhanced capacitance retention of 64.3% at a large current density of 20 A g−1 and excellent cycling stability over 10,000 cycles at 5 A g−1. Furthermore, the fabricated flexible supercapacitor devices could maintain outstanding electrochemical performance at various bending angles of 0–90°, indicating a promising prospect for the PAA/GO hydrogel electrolyte in flexible wearable fields.
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1. Introduction


A supercapacitor is a kind of energy storage device with the highlighted advantages of high power density and a long cycle life [1,2,3,4]. With the development and popularization of smart wearable devices, flexible energy storage devices have gradually become a research hotspot [5,6,7]. Flexible supercapacitors are composed of flexible electrodes and electrolytes. Among them, the flexible electrolyte can not only transport ions but also play the role of separator, thus simplifying the structure of supercapacitors. However, the present electrochemical performance of flexible supercapacitors is still far from satisfactory. The key to realizing excellent electrochemical performance for flexible supercapacitor devices is designing flexible electrodes and electrolytes with excellent electrochemical and mechanical properties [8]. Flexible electrolytes can avoid electrolyte leaks and keep the role of transporting ions under severe deformation. Compared to traditional energy storage devices using liquid electrolytes, devices based on solid electrolytes are safer, stable and variable in shape, which will bring bright prospects for wearable electronic devices in the future [9].



There are three types of common solid electrolytes: ceramic electrolytes [10], gel electrolytes [11] and polyelectrolytes [12]. Among these solid electrolytes, gel polymer electrolytes are considered the ideal ones that have the advantages of high ionic conductivity, low electronic conductivity, suitable mechanical properties, high stability and easy processability [13,14]. Polyacrylic acid hydrogel is a common gel electrolyte for supercapacitors with relatively high ionic conductivity, good hydrophilicity, nontoxicity and low price [15,16,17,18,19,20]. However, the mechanical property of polyacrylic acid-based gel usually cannot satisfy the requirement of flexible supercapacitors.



Various strategies, including copolymerization, double crosslinking networks, and doping, have been proposed to improve the mechanical strength of polyacrylic acid-based gel electrolytes without sacrificing ionic conductivity. For example, Liao et al. [18] prepared a hydrogel electrolyte with considerable ionic transportation and a noticeable stress response by copolymerizing PAA and octadecyl methacrylate in a vinyl-treated sponge. The polymer chains were grafted onto the 3D interconnected sponge and built a physical framework, thus exhibiting excellent mechanical properties. Huang et al. [21] prepared a new electrolyte by combining polyacrylic acid and vinyl hybrid silica nanoparticles, and the obtained double crosslinking hydrolyte electrolyte could be stretched over 3700% without any cracks. Additives have also been adopted to improve the conductivity and mechanical properties of polyacrylic acid gel. Guo et al. [22] reported Fe3+ crosslinked PAA hydrogel electrolyte by adding FeCl3 into an AA monomer during the polymerization process. The ionic bond between Fe3+ and carboxylic acid ions, as well as the intra- and intermolecular hydrogen bonding, endow the supramolecular hydrogel with excellent mechanical properties (extensibility > 700% and stress > 400 kPa). Graphene oxide (GO) has been widely applied in advanced electrochemical devices [23,24,25,26]. The surface polar groups and conjugate structure of GO can efficiently promote the transportation of electrolyte ions; therefore, GO is regarded as an excellent ionic conductive additive to the polymer matrix [27,28,29,30,31].



In this study, PAA/GO composite hydrogel electrolytes were successfully prepared by incorporating GO during the polymerization of the AA monomer, as illustrated in Figure 1a. As the abundant surface groups on GO can attract protons and propagate through hydrogen-bonding networks, the transport distance of ions in the gel is greatly shortened with the improvement of ionic conductivity (Figure 1b). Moreover, the oxygen-containing functional groups of GO can crosslink and form hydrogen bonds with the COOH group on the PAA molecular chain, thus improving the mechanical properties of the gel electrolyte. Therefore, compared with pristine PAA gel, the obtained PAA/GO hydrogel electrolytes realize better electrochemical and mechanical properties. After being coupled with commercial active carbon electrodes, the assembled supercapacitor using an optimum PAA/0.5%GO gel electrolyte exhibits excellent electrochemical performance with a high capacitance retention of 64.3% at an enhanced current density of 20 A g−1 and outstanding cycling stability with no capacity decay over 10,000 cycles.




2. Experimental


2.1. Materials Synthesis


Graphene oxide (GO) was prepared by the modified Hummer’s method [32]. The preparation process of PAA/GO hydrogel electrolyte is shown in Figure 1. First, NaOH powder was slowly added to GO aqueous solution with a concentration of 10 mg mL−1 followed by stirring and ultrasonic treatment. 3 g of acrylic acid (AA) monomer was dispersed in 2 mL water and stirred for 10 min in an ice bath. GO/NaOH solution was added to the acrylic acid solution slowly to control the polymerization speed, and then 0.048 g ammonium persulfate (APS) as initiator was introduced and stirred for 15 min. The obtained AA/GO dispersion was injected into a mold and placed in an oven at a constant temperature of 40 °C for 40 h. After polymerization, the polyacrylic acid gel was cut into the desired shape and dried at 90 °C for 90 min. Finally, the PAA/GO gel electrolyte was prepared after being soaked in 3 M H2SO4 and further removing bubbles in the vacuum dryer. Gel electrolytes with different amounts of GO (0, 0.1 wt%, 0.5 wt%, 1 wt%, 2 wt%) were prepared and named PAA, PAA/0.1%GO, PAA/0.5%GO, PAA/1%GO, PAA/2%GO.




2.2. Materials Characterization


A scanning electron microscope (SEM, HITACHI S480) was used to observe the surface morphology of the gel electrolyte. Fourier transform infrared spectroscopy (FTIR) was measured by a Nicolet 6700 spectrometer. X-ray photoelectron spectroscopy (XPS) was tested using ESCALAB 250. The tensile properties of hydrogels were measured by the electronic universal testing machine CMT6103. The test conditions were as follows: 25 °C, sample with a size of 3 cm × 2 cm × 0.5 mm, and crosshead speed of 100 mm/min.




2.3. Electrochemical Measurements


All the electrochemical tests of the obtained gel electrolyte were based on the commercial activated carbon (YP50, Kuraray Co., Ltd.) electrode, which was prepared by mixing the activated carbon, acetylene black with polytetrafluoroethylene (PTFE) binder with a mass ratio of 85:10:5 in ethanol. The slurry was dried, rolled into uniform sheets, and cut into round slices with a diameter of 5 mm. After being dried at 120 °C for 6 h in a vacuum oven, the electrodes were obtained with an active material loading of 6 mg cm−2. For the assembly of a solid-state supercapacitor, PAA/GO-H2SO4 hydrogel electrolytes were cut into a round slice with a diameter of 8 mm. YP50 was used as the working electrode and counter electrode, and Ag/AgCl was used as a reference electrode. The tests were carried out in a three-electrode system, and the operation potential range was set in the range of 0–0.9 V. For the assembly of a flexible supercapacitor, the gel electrolytes and electrodes were cut into 1.5 cm × 2 cm rectangle slices, with carbon cloth as the flexible current collector. The galvanostatic charge/discharge test was conducted on an Arbin Supercapacitor Test System (BT-G). The cyclic voltammetry (CV) curve and electrochemical impedance spectrum (EIS), with frequencies ranging from 10 mHz to 100 kHz, were measured on the CHI1100C (Chenhua) electrochemical workstation.





3. Results and Discussion


The appearance of the PAA hydrogel is light yellow and transparent (Figure 1), while that of PAA/GO composite gel gets black, and the color gradually deepens with the increase of GO content. The TEM images in Figure A1 show that GO sheets are 5–8 μm in lateral size. The uniform apparent color of PAA/GO gel suggests the homogeneous mixing of PAA and GO nanosheets. Figure 2a–d shows the scanning electron microscopy (SEM) images of PAA and PAA/GO gel with different GO contents. When the GO content is low, the surface of the PAA/GO gel is smooth and flat, which is favorable for electrolytes to fully contact the electrodes. However, when the content of GO increases to 2%, obvious wrinkles appear due to the aggregation of GO layers, which greatly affects the uniformity of gel electrolytes. As shown in Figure 2e,f, the PAA/GO gel can endure bending and torsion well, demonstrating its excellent mechanical strength.



Since the oxygen-containing functional groups of GO can interact with the COOH of polyacrylic chains, GO acts as an effective crosslinking agent in PAA gel, significantly improving the tensile strength of PAA/GO composite gel. The hydrogel can produce large elastic deformation and quickly return to its original shape, as shown in Figure 3a. Figure 3b presents the stress-strain curve of PAA and PAA/0.5%GO, and the tensile strength increases from 4.0 MPa for PAA to 6.1 MPa for PAA/GO composite gel, with elongation at break enhancing from 1556% to 1950%, demonstrating that the addition of GO significantly improved the mechanical properties of PAA gel. The comparison with previously reported polymer electrolytes in Table A1 also verifies the prominent advantage of PAA/GO gel electrolyte.



Figure 3c shows the Fourier transform infrared spectroscopy (FTIR) of PAA and PAA/GO hydrogel, where the broad peak at 3360 cm−1 is related to the OH stretching vibration. The bending and stretching vibration of CH2 on the polyacrylic acid molecular chain was observed at 1412 cm−1, 2936 cm−1, and 2847 cm−1 [33]. The typical bending vibration of C=O in PAA gel appears at 1567 cm−1, while the peak of PAA/GO shifts to 1551 cm−1, which may be ascribed to the influence of GO, which changes the microstructure of PAA gel [34].



XPS was performed to further analyze the elemental composition and content of the PAA gel and PAA/GO gel, as shown in Figure 3d. The PAA and PAA/GO gel are mainly composed of C, O and Na elements, with a minor amount of S and N, which results from the initiator APS. Due to the abundant oxygen-containing groups in GO, the PAA/GO gel displays a relatively higher O content than the pristine PAA gel [34]. Peak fitting of O1s was conducted to further determine the specific functional groups’ types in the PAA and PAA/GO gels, as shown in Figure 3e,f. The O1s can be deconvoluted into OH, C=O and absorbed H2O species located at 531 eV, 532.5 eV and 536 eV, respectively [35,36,37]. Compared with PAA, the PAA/GO gel shows a decreased proportion of C=O and enhanced OH functional groups due to the addition of GO, which not only facilitates crosslinking with the COOH of PAA but also helps the transportation of electrolyte ions, thus improving the conductivity of gel electrolytes.



Ionic conductivity plays an essential role in determining the electrochemical performance of solid electrolytes. Figure 4a shows the Nyquist plots of PAA/GO electrolytes with different GO contents, and the intersection points of the oblique lines with the X-axis are usually considered intrinsic resistance of the ion gel, as the ohmic resistance of the testing device is negligible. The ionic conductivity was calculated according to formula ρ = L/RS, where L is the thickness, R is the resistance of gel and S is the geometric area of the electrode/electrolyte interface [38,39]. With the increase of GO content, the conductivity value of PAA/GO electrolyte steadily rises due to the transportation effect of oxygenic groups on ions, and the introduction of GO significantly shortens the ion transport path and thus reduces the internal resistance of gel electrolyte. The conductivity reaches the highest when the GO content is 0.5%, as displayed in Figure 4b. Further increasing the proportion of GO, the conductivity of PAA/GO electrolyte gradually decreases because GO nanosheet aggregation hinders ion transportation.



The electrochemical performance of the obtained PAA/GO gel electrolyte was evaluated by assembling supercapacitors with commercial active carbon as electrodes and the PAA/GO gel as electrolyte. Figure 4c,d compares the CV curves of PAA and PAA/0.5%GO electrolyte at various scan rates ranging from 10 mV s−1 to 200 mV s−1. The curve shapes of PAA and PAA/0.5%GO are similar to a rectangle, and the pseudocapacitance peaks at about 0.4 V can mainly be attributed to the contribution from PAA [40]. With the increase in scan rate, the shape of the CV curve gradually becomes a flat shuttle. However, PAA/0.5%GO could still maintain a larger area than PAA, indicating that PAA/0.5%GO’s better rate performance and maintained electrochemical double-layer capacitance behavior even at high scan rates. The capacitive contribution at different scan rates for the electrode using PAA/0.5%GO electrolyte was further quantitatively determined according to Dunn’s method [41], as shown in Figure A2. With the increase in scan rates from 2 mV s−1 to 50 mV s−1, the electrochemical double layer capacitance ratio rises from 71.4% to 92.1%. Figure 4e,f show the charge–discharge curves under different current densities of the assembled supercapacitors using PAA/0.5%GO gel electrolyte. The highly symmetrical charge–discharge curves with no obvious IR drop, even under a high current density of 20 A g−1, suggest the small internal resistance and good ionic conductivity of the PAA/GO gel electrolyte. The specific capacitance of the supercapacitors using the PAA/GO gel electrolyte with different GO contents was calculated based on the charge–discharge curve, and similar specific capacitance values were observed at a small current density of 0.2 A g−1 for the PAA/GO gel electrolyte and the conventional PAA gel electrolyte, as shown in Figure 4g. The superiority of PAA/GO gel electrolyte becomes prominent with the increased current densities. The specific capacitance can maintain 127 F g−1 for PAA/0.5%GO when the current density rises to 20 A g−1, much higher than 53 F g−1 for the PAA electrolyte. Compared to the capacitance value at 0.2 A g−1, the capacitance retention for PAA/0.5%GO at an increased current density of 20 A g−1 is as high as 64.3%, further verifying the favorable effect of GO on the improvement of rapid ion transportation. Here, the comparatively good capacitance retention of PAA/0.5%GO than PAA/1%GO at a large current density of 20 A g−1 may be mainly ascribed to the higher conductivity of the gel electrolytes. In order to examine the long-term cycling stability of the gel electrolyte, the supercapacitor using PAA/0.5%GO gel electrolyte was galvanostatically charged-discharged at a current density of 5 A g−1 (Figure 4h). The capacity retention over 10,000 cycles is as high as 103.6%, demonstrating that the gel electrolyte has excellent cycle stability and great application potential. From the charge–discharge curves of the first ten cycles and the last ten cycles, it can be found that the charge–discharge behavior is consistent with isosceles triangle shapes and no obvious voltage drops, further proving the excellent electrochemical stability of PAA/GO gel electrolyte in the long-term charge–discharge cycling process.



To further investigate the practical application prospect of the PAA/GO gel electrolyte in flexible supercapacitors, carbon cloth was used as the current collector, with YP50F as electrode material, PAA/0.5%GO as the gel electrolyte and plastic as external packaging to assemble the packaged supercapacitor device. As shown in Figure 5a, the supercapacitor demonstrates excellent flexibility under various bending conditions (0°, 30°, 60° and 90°). Furthermore, three supercapacitors were connected in series and wrapped around the wrist to simulate the practical application of flexible wearable devices, and it was found that the little bulb could be well lit (Figure 5b), indicating the potential application prospects of the flexible supercapacitor with PAA/0.5%GO as the gel electrolyte.



Figure 5c,d compares the bending performance of PAA and PAA/0.5%GO hydrogel electrolyte. For PAA gel, with the increase of bending angle, both capacitance and rate performance decline dramatically, which can be ascribed to insufficient contact between the electrode and the electrolyte under bending conditions that affect the diffusion of electrolyte ions. While for PAA/0.5%GO gel, little change can be observed in the rate curves at four different angles, further proving the excellent bending performance of PAA/0.5%GO hydrogel. Figure 5e shows the CV curve of PAA/0.5%GO at a scanning rate of 50 mV s−1 under various bending conditions. The coincident rectangular curves indicate that the flexible supercapacitor can still maintain double-layer capacitive behavior in the bending state with outstanding capacitance performance.




4. Conclusions


In summary, we successfully fabricated high-performance PAA/GO composite hydrogel electrolytes for flexible supercapacitors. The effective crosslinking between GO and the PAA polymer chain significantly enhanced the mechanical properties of the gel electrolyte, and the tensile strength increased from 4.0 MPa for PAA to 6.1 MPa for PAA/GO composite gel, with the elongation at break enhancing from 1556% to 1950%. Meanwhile, the addition of GO could improve the ionic conductivity of PAA gel and promote the transportation of electrolyte ions. As a result, the assembled electric double-layer capacitor using an optimum PAA/0.5%GO gel electrolyte exhibits greatly improved electrochemical performance with a high capacitance retention of 64.3% at an enhanced current density of 20 A g−1 and excellent cycling stability over 10,000 cycles at 5 A g−1. Moreover, the fabricated flexible supercapacitor devices can maintain outstanding electrochemical performance at various bending conditions of 0–90°, demonstrating the promising practical application prospects of the PAA/GO electrolyte.
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Figure A1. Transmission electron microscope (TEM) image of graphene oxide. 
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Figure A2. Evaluating the contribution from diffusion controlled and surface-controlled capacitance. (a) Plot of log i vs. log ν for determining the slope b; (b) Plot of square root of scan rate (ν1/2) vs. current/ν1/2 (i/ν1/2) at different potentials during charging and discharging; (c) Contribution from surface-controlled current towards charge storage at 10 mV s−1; (d) Contribution ratio of surface-controlled capacitance at different scan rates. 
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Table A1. Comparison of stress, strain and ionic conductivity of PAA/0.5%GO gel electrolyte in this work with the polymer electrolytes reported in recent works.
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	Stress (MPa)
	Strain (%)
	Ionic Conductivity (10−2 S cm−1)
	Reference





	S-PAA
	2.2
	1100%
	1.5
	[18]



	VSNPs-PAA
	0.12
	3700%
	0.75
	[21]



	Fe3+/PAA
	0.4
	700%
	9
	[22]



	Li-AG/PAM DN
	1.1
	2780%
	4.1
	[42]



	BC-reinforced PAM
	0.33
	1300%
	12.5
	[43]



	PK10 AGPE
	2.22
	1243%
	21
	[44]



	B-PVA/KCl/GO
	\
	\
	4.75
	[45]



	PAA/GO
	6.1
	1950%
	16.81
	This work
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Figure 1. (a) Preparation process of PAA/GO composite gel electrolyte and (b) the schematic diagram for the role of GO in PAA/GO composite gel electrolyte. 
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Figure 2. Scanning electron microscope (SEM) images of (a) PAA, (b) PAA/0.1%GO, (c) PAA/0.5%GO, and (d) PAA/2%GO. (e) Torsion properties and (f) rolling properties of composite PAA/0.5%GO electrolytes. 
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Figure 3. (a) Tensile performance of PAA/0.5%GO composite gel electrolyte. (b) Tensile stress-strain curve comparison of the PAA and PAA/0.5%GO composite gel electrolyte. (c) FTIR and (d) XPS full spectrum of PAA and PAA/0.5%GO. O1s peak fitting of (e) PAA and (f) PAA/GO. 
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Figure 4. (a) Nyquist plots of PAA/GO electrolytes with different GO contents. (b) Ionic conductivity varies according to GO content. CV curves of the (c) PAA and (d) PAA/0.5%GO solid supercapacitor in 3 M H2SO4. (e,f) Galvanostatic charge–discharge curves at different current densities. (g) Specific capacitances as a function of current densities. (h) The cycling stability of PAA/0.5%GO at 5 A g−1 for 10,000 cycles. 
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Figure 5. (a) Digital photographs of flexible supercapacitor tested at various bending angles of 0°, 30°, 60° and 90°. (b) Digital display of a small bulb lighted by three flexible supercapacitors connected in series. Rate performance for (c) PAA and (d) PAA/0.5%GO gel electrolyte at different bending angles. (e) CV curves at a scanning rate of 50 mV s−1 for PAA/0.5%GO gel electrolyte at different bending angles. 
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